Abstract -Organoboroxine chemistry has recently received much attention because the boroxine formation reaction is a powerful tool for the construction of 
I. INTRODUCTION
Boroxine, a cyclic anhydride of three boronic acids, is a typical inorganic benzene (Figure 1 ), and the fundamental properties of boroxine have been studied from an early stage. ' For example, the aromaticity of boroxine has been previously discussed because of the good stability of boroxine and the electronic character of oxygen and boron atoms, which possess two lone pairs and a sextet of electrons, respectively.2 However, at present, it is accepted that triorganoboroxines have little aromatic character. [3] [4] [5] [6] [7] [8] In addition to these theoretical and fundamental investigations, boroxine has also been of interest to synthetic chemists as an alternative compound to boronic acid for performing the Suzuki -Miyaura coupling reaction.9 Subsequently, boroxine was found to have numerous uses in the field of organic synthesis. Lewis acidity, a fundamental property of boroxine, has also been studied. In this review, I will first present a general introduction of boroxine chemistry and describe a number of mainly described. I would like to draw attention to excellent reviews on boron-containing organic compounds, including boronic acids,13 boronic esters14 as well as boroxines.15
STRUCTURE AND LEWIS ACIDITY OF BOROXINE
The crystal structure of triphenylboroxine la was reported by Brock's group; the structure of the central boroxine skeleton was close to a flat and regular hexagon, and the bond angles in the boroxine ring were close to 120° (Figure 2 ).16 The three phenyl rings attached to three boron atoms were approximately coplanar with the boroxine ring and the coplanarity of the fourth ring of phenylboroxine was similar to that of the triphenyltriazine (2a) structure (not 1,3,5-triphenylbenznene 2b). It was expected the lone pairs of electrons on oxygen atoms to be less sterically demanding than the hydrogen atoms on the central benzene in triphenylbenzene.
/ 44W B-°-B 4417 Ino. observed. The distance between the N-coordinated boron and carbon atoms (and oxygen atoms) was greater than that between the noncoordinated boron and carbon atoms (and oxygen atoms), and the 0-B-C (N-coordinated) bond angle was 113° in the pyridine-phenylboroxine adduct.8 1H NMR investigations supported the formation of a 1:1 adduct of triphenylboroxine with quinuclidine but showed equivalence of three boron atoms in solution at room temperature. However, at low temperatures, the 1H NMR signals split into two groups, which integrated in a 2:1 ratio. These NMR results showed that the coordination bond reversibly formed and that at room temperature, the rate was fast on the NMR time scale (Figure 3 ). The conversion of boronic acid into the corresponding boroxine is well known; phenylboronic acid lla is dehydrated by simple heating (Scheme 3).27'28 Although the acid is stored in a bottle at room temperature, it gradually changes to the corresponding boroxine. In contrast, the recrystallisation of the boroxine from water can give the corresponding boronic acid. These phenomena show that the dehydration of the acid and the hydrolysis of the boroxine proceed reversibly in the absence of any additives.
Another method for the preparation of boroxine has also been reported. respectively. However, the equilibrium constants for these processes have not been discussed until quite recently. We have previously determined the equilibrium constants of arylboroxine formation (Scheme 4). 30 We prepared chloroform solutions of several arylboronic acids 11 that contained corresponding arylboroxines 1 with electron-donating or -withdrawing groups at the para-position in the benzene ring and systematically analysed their stability in the presence of water using NMR spectroscopy. The experiments revealed that both reversible reactions proceeded smoothly even at room temperature and that the electron-donating groups supported the formation of the arylboroxine. Furthermore, at first, the process involving the construction of rigid boroxines would appear to be entropically unfavourable.
However, this process involves the release of three free water molecules from boronic acid to the bulk solvent. The formation of the boroxine incurs an enthalpic cost, but this cost is counteracted by a larger entropy gain. Kua and Iovine presented the results of calculations for triarylboroxine formation from boronic acids and the effects ofpara-substituents on the relative stabilities of the two species.31 Our experimental trend with respect to equilibrium constants of boroxine formation and their computational results were in good agreement. They also performed calculations for subsequent boroxine complexation by a nitrogen donor compound. Their calculations showed that all AH values were negative for amine-adducted boroxine formation and the adduct-bearing electron-withdrawing substituents at the para-position are more enthalpically favourable among the reactions between substituted triphenylboroxine and ammonia, as expected from the Lewis acidities of the boroxines. The total AH values for the formation of ammonia-adducted arylboroxines from boronic acid monomers were still negative; however, the values for the adduct with electron-donating substituents (i.e. OMe) were close to zero. Furthermore, they discussed the fact that the mono-ammonia-adducted boroxine was enthalpically more stable than the diammonia-adducted boroxine. They validated the calculation through NMR experiments:32 the total free energies (from boronic acids to pyridine-boroxine adducts) were negative and the electron-withdrawing substituents had a more negative free energy change than the electron-donating substituents. They After the thermodynamic stability of homo-arylboroxines was revealed by experimental and computational studies, in a previous study, we examined hetero-arylboroxines, which consist of different aromatic components. 35 The construction of hetero-boroxines appears to be straightforward when two boronic acids are mixed in a suitable solvent because the formation processes of both boroxine and boronic acid proceed reversibly. We used several symmetrical arylboronic acids llb-e and mixed two of them to analyse the resulting homo-and hetero-boroxines using 1H NMR spectroscopy (Scheme 5).
Integration of the signals of the seven species (two boronic acids, two homo-boroxines, two hetero-boroxines and water) present in the 1H NMR spectra afforded the equilibrium constants (K) for the formation of four boroxines at several temperatures. These results showed that entropically driven forces and electron-donating groups in the para-position of the phenyl ring promoted the formation of hetero-boroxines, as in the case of homo-boroxines. Moreover, based on a statistical distribution of 1:3:3:1 for a mixture of equally stable members in a binary mixture of two boronic acids, the equilibrium constants of the hetero-boroxines were greater than those of the homo-boroxines. This concept (formation of four boroxines using two boronic acids) relies on the dynamic combinatorial library.
GC-MS experiments also showed the existence of four possible homo-and hetero-boroxines from the reaction of 3,5-dimethylphenylboronic acid llb and phenylboronic acid lla in the gas phase. The GC spectrum of their mixture in chloroform showed four abundant peaks based on the corresponding possible homo-and hetero-boroxines with no other distinct peaks. The monomeric boronic acid was most likely difficult to form under GC-MS conditions (i.e. high temperature and gas phase).
We accumulated thermodynamic parameters for numerous homo-and hetero-boroxine formation equilibria for one boronic acid 11 (Scheme 4) and two different boronic acids 11 (Scheme 5). Figure 6 presents T4S plotted against AH.36 The relationship between enthalpy and entropy thermodynamic terms (slope: 0.71, intercept: 0.97, R-value: 0.88) were obtained; this relationship represents the extent to which the entropic gain is decreased by the accompanying enthalpic loss, although a boroxine bearing an electron-donating group is enthalpically more stable than one bearing an electron-withdrawing substituent.
This relationship suggests that the phenyl rings of a boroxine donate electrons to the electron-poor boron atoms (enthalpy term) and that restriction of the conformation on a boroxine that bears an electron-donating substituent may produce a large entropy loss due to the strong donation of the phenyl rings. The approach of Invine and Kua was based on the consideration of the thermodynamic stabilities of boroxine and the amine-boroxine adduct; they demonstrated how one specific hetero-boroxine could be selectively produced among four possible boroxines (i.e. they extracted the ABB-type boroxine among the AAA-, AAB-, ABB-and BBB-types). They also performed computational analyses. As expected, the Hayashi also reported iridium-catalyzed 1,6-addition of arylboroxines to (4,7,o-unsaturated carbonyl compounds.49a Later they succeeded in the highly enantioselective 1,6-addition of arylboroxines 19 to cc,13,y,6-unsaturated carbonyl compounds 32 using [IrC1((S,S)-Me-tfb*)}2] as a catalyst(Scheme 14).49b
Treatment of dienone 32 with boroxine 19 in the presence of K2CO3 gave a mixture of 1,6-adducts, which consist of (E)-and (Z)-isomers of 13,y-unsaturated enone and the conjugate enone 33. After isomerization using DBU gave the enone 33 as the major isomer in high optical yield. This reaction can be applicable for the 1,6-addition to conjugate dienamides (32: le = NR2) and a dienoate (32: R1 = 013u) with high enantioselectivity. Finally, they demonstrated the stereoselective synthesis of doubly phenylated ketone by using this 1,6-addition to a43,y,6-unsaturated ketone 32 followed by rhodium-catalysed asymmetric 1,4-addition of arylboroxines. They proposed a direct substitution reaction mechanism to account for this transition-metal-free amination reaction. The reaction using a boronic acid instead of the boroxine gave the corresponding amination product in low yield.
As previously mentioned, a decade ago, boroxine was used as a precursor of boronic acid in synthetic organic chemistry. The fact that the addition of water to boroxine increases the amount of boronic acid resulted in improved yields and enantioselectivity of rhodium-catalysed asymmetric 1,4-additons.51
Another advantage of using boroxine in organic synthesis is that the exact amount of organoboron can be measured, as it is hard to isolate boronic acid as a single species (the acid gradually changes to the The three phenyl rings attached to three boron atoms were approximately coplanar with the boroxine ring in the solid state, as mentioned in the introduction, and the coplanar conformation resulted in the sheet structure and its packing. The porosity of COF-1 was confirmed via N2 gas-adsorption measurements; the total surface area was large (calculated to be 711 m2 g-1). They subsequently synthesised three-dimensional covalent organic frameworks. 59 The dehydration of tetraboronic acids 46, a tetrahedral building block, produced corresponding COF-102 (centre atom: carbon) and COF-103 (centre atom: silicon). The thermal stability of these COFs was confirmed via glass transition temperature (Tg) measurements, and the BET surface areas were 3472 and 4210 m2 g 1 for COF-102 and COF-103, respectively. Furthermore, the Yaghi and Goddard groups considered these frameworks to be hydrogen6° or methane61 storage materials.
Recently, Lackinger synthesised extended two-dimensional covalent organic frameworks via the on-surface condensation of boronic acids 47 and 48.62 A series of isoreticular two-dimensional frameworks was created using diboronic acids, where the size of the organic backbone was incrementally varied from biphenyl to quaterphenyl (Scheme 19).
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,". 6._...6, ". Jakle's group prepared Lewis acidic, chiral ferrocenylborane derivatives70 and later extended them to chiral ferrocenylboroxine 52.71 X-ray analysis revealed that the boroxine adopted a double-propeller-like structure with three ferrocenyl and three naphthyl substituents on opposite sides of the central boroxine ring (Figure 8) . The supramolecular organisation of the boroxine within the crystal was observed.
Extended chainlike structures were found as a result of C-H 7c-interactions between one of the C-H protons of each naphthalene moiety (i.e. the donor) and an unsubstituted cyclopentadienyl ring of the ferrocenes (i.e. the acceptor). These interactions generated an infinite triple-helical structure with chiral and hydrophobic pockets, which were surrounded by naphthalene and cyclopentadienyl rings. Two chloroform molecules (chloroform was used as a solvent) were trapped in each pocket, and intermolecular interactions occurred between the walls of the pocket and a chloroform molecule and between two chloroform molecules. The authors investigated the redox chemistry of the boroxine. Three well-separated waves based on three redox-active ferrocenyl moieties were observed in the cyclic voltammogram; these waves shifted to lower potentials upon the addition of DMAP as a Lewis base. The construction of high levels of molecular architecture is enabled by the reversible process of boroxine formation, which facilitates thermodynamic self-control and self-correction. The development of accurate covalent organic frameworks12 and the selective formation of thermodynamically stable higher-ordered rotaxane90 were realised through attractive dynamic covalent chemistry with precise molecular design.
Boroxine has other fascinating properties based on its Lewis acidity. In particular, structural changes in the boroxine core (i.e. the C-B bond distance and C-B-O bond angle) and weakening of the C-B bonds are induced by coordination of a Lewis base on a boron atom, which has led to Lewis-base-controllable molecular systems72 and to other activating reactivities of boroxine as a reagent.41
As boroxine chemistry expands, the design of building blocks for the construction of highly complex and functional architectures using dynamic covalent chemistry will become important. The appropriate choice of building blocks and functionalities and/or template-directed synthesis methods can be effective in this regard. Moreover, modulation of the process, which consists of two reversible reactions (i.e. the boroxine formation reaction and the complexation of boroxine and amine), produces a multi-state-switchable and stimuli-responsive self-assembled system that may be useful in materials science.
